The biologically active wood, leaf, branch and root oils of Eremophila mitchellii (Benth.) were investigated in detail. 9-Hydroxy-1,7(11),9-eremophilatrien-8-one (9), and five previously identified eremophilane sesquiterpenes and the zizaene sesquithuriferone were isolated and elucidated.
The eremophilanes were first reported from the wood oil of E. mitchellii in 1932 by Bradfield and co-workers (Bradfield et al., 1932a (Bradfield et al., , 1932b . The elucidation of eremophilone (1) predated NMR spectroscopy and confirmation of the structure by chemical methods took almost 30 years to accomplish (Zalkow et al., 1959 (Zalkow et al., , 1960 . In 1955 Robinson suggested that the eremophilones were in fact the first of a new class of sesquiterpenes, the eremophilanes, and were not based on the more common eudesmane skeleton as first thought (Figure 1 ) (Robinson, 1955) . This was controversial at the time because it challenged Ruzicka's isoprene rule (Ruzicka, 1959) and demonstrated that methyl migrations were naturally possible in the biosynthesis of terpenoids. Since the discovery of eremophilone (1) and its oxygenated derivatives (2, 3, 4 and 5) only three additional eremophilanes, the keto aldehyde 6 and the dimers 7 and 8 have been reported from Eremophila despite intensive chemical investigation of the genus by Ghisalberti and co-workers ( Figure 2) (Ghisalberti, 1994) . The supposed rarity of the eremophilanes may be overstated given that most investigations have focused on leaf extracts and not on the constituents of the wood or roots.
There are several reports on the biological activity and ethnopharmacology of E. mitchellii in the literature. It is reported that the plant has been used by the aboriginal people as a treatment for rheumatism (Low, 1990) . Kerr (1951) demonstrated that the wood oil was virtually non-toxic as a fly spray but when incorporated with the pyrethrins it had an adjuvant action, producing a marked increase in fly mortality in comparison to the pyrethrins alone.
More recently Wilkinson and Cavanagh (2005) have reported on the antimicrobial activity of the wood oil against Candida albicans and five different bacteria. The undiluted oil showed inhibition against Escherichia coli, Staphylococcus aureus, Salmonella typhimurium,
Alcaligenes faecalis and Candida albicans, no inhibition was observed against Pseudomonas aeruginosa.
A comprehensive chemical characterisation of the plant oil is necessary in order to establish yields and best practises for harvesting and oil production. Oil chemistry is fundamental to the quantitative and qualitative analysis of the oil for quality control as well as the requisite studies needed to ascertain the efficacy, stability, pharmacology and toxicology of such a chemically-complex bioproduct. At present, the published NMR data for the eremophilanes is only very low resolution (60 MHz) and incomplete. Consequently, a comprehensive revision of the NMR data has been reported here. There are no published reports on the chemical composition of extracts of the leaf, root or branchlets. This paper reports the investigation of the distribution, yield, and variation in the chemical composition of the oil in the whole plant and also describes the purification of the major constituents of the steam distilled wood and root oil of E. mitchellii. All of the essential oils together with the eremophilanes 1, 3 -5 were evaluated for cytotoxicity against P388D 1 mouse lymphoblast cells in vitro.
Results and Discussion

Purification of the eremophilanes from E. mitchellii
Isolation of the eremophilanes from E. mitchellii was achieved using both reverse phase (RP, C18) and NP phase (silica) preparative chromatography techniques. Large scale NP low pressure column chromatography was invaluable for enriching several grams of the major constituents and/or obtaining enriched fractions containing the minor constituents. RP chromatography was efficient for one-step purification of several milligrams of the major constituents; 1, 3-5.
2.2
Purification and elucidation of 9-hydroxy-1,7(11),9-eremophilatrien-8-one Compound 9 co-eluted as a minor constituent with 1 from NP preparative HPLC. It became apparent that 9 and was highly unstable since only trace levels of this compound were present after 24 hours in solution and not present in some commercial oils. The stability of 9 was monitored in multiple solvents to determine the optimal solvents for purification work. It was observed that the order of increasing stability was; CH 3 CN, acetone, CH 3 CN/0.5 % TFA, EtOAc, CHCl 3 , DMSO, EtOH, MeOH, and hexane. No discernible breakdown products or increases in relative peak intensities were observed by GC-MS.
Purification of 9 from the minor constituents was achieved by subjecting a freshly prepared, enriched NP preparative HPLC fraction immediately to RP preparative HPLC. An isocratic gradient and 2 preparative columns connected in tandem were required to achieve adequate resolution of 9 from 1. Compound 5 and 9 exhibited similar 13 C JMOD spectra with the main difference being the absence of two methylenes (δ C 23.8 and 25.8 ppm) and the presence of two additional methines (δ C 122.0 and 134.3 ppm). Like 5, 9 possessed a highly deshielded carbonyl group (δ C 185.5 ppm) situated in an α,β,α',β' dieneone system. Compared to 5 the 1 H NMR spectrum of 9 showed two additional, highly deshielded, peaks at δ 6.63 and at δ 6.10 ppm as part of an ABX 2 system consisting of two vinylic protons (δ H 6.63, dd, J = ~2.7, ~9.9
Hz; 6.10 (ddd, J = 2.6, 5.7, 9.8 Hz) adjacent to a methylene group (δ H 2.20, m; 2.03, m).
HSQC and HMBC correlations confirmed the presence of a C-1-C-2 double bond and was in agreement with the novel compound 9-hydroxy-1,7(11),9-eremophilatrien-8-one (9). Owing to the instability of the compound in solution a crystal structure could not be obtained, consequently the stereochemistry of C-4 and C-5 has been assumed on the basis of its affinity to the preceding eremophilanes 1, 3, 4 and 5.
2.3
Purification and elucidation of sesquithuriferone from the root oil of E. mitchellii
Compound 10 was isolated using a combination of low-pressure NP chromatography and RP preparative HPLC and was elucidated as the known zizaene sesquiterpene, sesquithuriferone on the basis of HSQC, HMBC, TOCSY, COSY and nOe experiments. The relative stereochemistry was confirmed on the basis of nOe difference experiments.
Sesquithuriferone (10) has previously been isolated from E. georgei , E. metallicorum, (Ghisalberti, 1994) and E. subteritifolia (Carrol et al., 1976) . The published 1 H NMR data for sesquithuriferone is limited (Barrero et al., 2000) , and due to lack of material 10 was first characterised as its p-bromobenzoate derivative (Carrol et al., 1976) .
The structure was confirmed by X-ray diffraction studies . At the time of compiling this article Adams (2007) reports, on the basis of mass spectral data, that 10 is a component of E. mitchellii wood oil. Throughout the course of this research we have observed that sesquithuriferone is prevalent in the root-heartwood and that no traces of sesquithuriferone were observed in carefully prepared heartwood oil.
Yield, distribution and chemical variation of the essential oils
To assist with commercialisation of the oil, studies were undertaken to investigate the distribution and chemical variation of the oil in the plant. A whole specimen was collected and each of the plant parts were steam distilled separately, the yields and descriptions are detailed in Table 1 . A cross section of the tree trunk revealed a pale yellow timber with a distinctive red-brown heartwood and coarse bark. No oil was obtained from distillations of the bark or outer lightly coloured wood.
The essential oils of the leaves, branchlets, wood and roots were analysed by GC-MS and GC-FID, more than thirty components have been identified in the essential oils (Table 2) .
It is apparent from these results that the yield and chemical composition varies greatly depending on the plant part.
Chemical composition of the heartwood oil
The heartwood yielded an aromatic oil (2.2 % w/w) that was also predominantly composed of sesquiterpenes. Three of the major constituents identified in the heartwood oil were eremophilone, santalcamphor, and 9-hydroxy-7(11),9-eremophiladien-8-one and their occurrence in E. mitchellii has been well documented (Bradfield 1932a (Bradfield , 1932b MassyWestropp and Reynolds 1966; Adams 2007) . A fourth major constituent, the novel 9-hydroxy-1,7(11),9-eremophilatrien-9-one proved to be very unstable. These four major constituents account for 80 % of the wood oil.
Several attempts to isolate the minor constituents of the heartwood oil met with limited success. Their isolation and characterisation is complicated because they share similar molecular weights and many were found to co-elute with the major compounds throughout HPLC (both NP and RP) and GC-MS (both polar and apolar systems). Several structural analogues of the eremophilones have been reported in the literature including the aldehyde 2 (Abel and Massy-Westropp, 1985) , isoeremophilone (11) (Chetty and Zalkow, 1969) , alloeremophilone (12) (Bates and Paknikar., 1966) and the dimers 7 and 8 (Lewis et al., 1979 (Lewis et al., , 1982 . The analogues, if present, appear to be very minor constituents. The sesquiterpene ketones have the capacity to tautomerise however it is apparent that the major keto-tautomers are thermodynamically favoured. Interestingly, it is reported that eremophilone (1) does not readily convert to its Δ 1(2) isomer, isoeremophilone (11) under mild conditions (Zalkow and Chetty, 1975) . The interconversion of the eremophilanes via isomerisation, dehydration and hydrogenation has been reported by chemical methods (Zalkow and Chetty, 1975; Djerassi et al., 1959) .
The assignment of α-and β-selinene (synonymous with eudesmenes) in E. mitchellii oil was based on comparison with authentic α-and β-selinene from commercial celery seed oil (Apium graveolens). This finding is also in accord with the observation that eudesmene is a biosynthetic precursor of the eremophilane sesquiterpenes (Cane et al., 1990) .
Chemical composition of the root oil
The roots yielded an aromatic oil (0.3 % w/w) that was composed of two major constituents, eremophilone (1) and sesquithuriferone (10) together with very low concentrations (most <1 %) of the sesquiterpenes 3 -6 and 9 prevalent in the wood oil.
Chemical composition of the leaf oil
Distillation of the leaves yielded a fragrant, green-black oil (1.4 % w/w) that was chemically complex and distinct from the wood and root oils. Twenty seven compounds, predominantly sesquiterpenes, have been identified by CG-MS from the leaf oil of E. mitchellii. The three major compounds identified in the leaf oil were α-pinene, spathulenol and an unidentified sesquiterpene alcohol which together account for 45 % of the oil.
With the support of spectral data and the corresponding reference compounds it was possible to confirm the presence of the monoterpenes; α-and β-pinene, α-and β-phellandrene, p-cymene, limonene, α-terpinolene, linalool, α-terpineol and eugenol on the basis of their prevalence in essential oils. Harborne (1998) reports that α-and β-pinene, limonene, Δ 3 -carene, α-phellandrene and myrcene are ubiquitous in leaf oils. In addition, Ghisalberti (1994) It is apparent that different biosynthetic pathways are operating in the leaf compared to the wood. Inspection of the selective-ion chromatogram of the sesquiterpene-diene ion, represented in the wood oil compared to the leaf oil, and conceivably the eremophilene or selinene analogues could account for these. To date, aside from the selinenes, the eleven sesquiterpenes isolated from E. mitchellii have been of the eremophilene type.
Chemical composition of the branchlet oil
The branchlets (twigs) yielded only minor quantities of oil (0.04 % w/w) that exhibited a chemical composition that was intermediate between the leaf and the wood oil.
Regarding the qualitative and quantitative analysis of E. mitchellii oils
Currently, only a handful of the eremophilane sesquiterpenes are represented in commercial mass spectral libraries. A rudimentary structural assignment on the basis of the mass spectra and retention indices inevitably indicates (with excellent correlation) the presence of selinenes, humulenes, bisabolols, gurjunenes, maalienes and patchoulenes in the oils. However, given the tendency for Eremophila species to exhibit unusual stereochemistry (Ghisalberti, 1994) and the structural similarity between the eremophilanes and other bicyclic sesquiterpenes the identity of many of the minor components can only be confidently assigned with the support of NMR data.
Qualification of the oils on the basis of mass spectra (see Supporting Information) is also difficult since many components share the same molecular weight, may co-elute and/or possess similar fragmentation patterns. (Adams (2007) has erroneously ascribed the mass spectrum of 5 as being that of compound 6). Notably santalcamphor (4) and 8-hydroxy-1,11-eremophiladien-9-one (3) were found to co-elute by GC-MS (both polar and apolar systems) 
In-vitro cytotoxic activity of the essential oils and eremophilanes
The cytotoxic activity of the oils and pure compounds was tested in-vitro against P388D1 mouse lymphoblast cells (Table 3 , Figs. 3 and 4) . All of the samples tested effected potent dose-dependent growth inhibition of this cell line. The crude essential oils exhibited half-maximal inhibitory concentrations (IC 50 ) between 51-110 g/mL, whilst the pure compounds 1, 3, 4 and 5 exhibited IC 50 values between 42 -105 g/mL. Eremophilone was the most active isolate in this study, and was comparable in potency to the curcumin control (IC 50 19 g/mL). It is also interesting to note that the leaf oil which is chemically distinct from the wood or root oils also exhibited significant cytotoxic effects.
Experimental
General experimental procedures
NMR spectra were obtained on a Bruker Avance DRX-500. water and HPLC grade solvents were employed throughout the course of this research.
Plant materials and steam distillation
An entire specimen of E. mitchellii was collected near Eidsvold, South-East Queensland in December 2005, and dried at 40C prior to processing. A voucher specimen was deposited at the Queensland Herbarium (PIF 30486). A sample of the commercially available steam distilled wood oil (1000 mL) was obtained from Cavanagh and Sons (Port Macquarie, NSW, Australia) and utilized for the isolation of the eremophilanes. Wood, root, bark and branchlet materials were ground using a Retsch cutting mill (Retsch GmbH, Haan, Germany: SM 100).
The intact leaf material and ground wood, root, bark and branchlet materials (ca. 500 g) were steam distilled for 48 h in a distillation flask (5 L) fitted with a modified Cocking and Middleton trap. The analytical GC system used was a Hewlett Packard GC system (HP6890) fitted with an Agilent 7683 injector using the same instrument parameters as above and an FID detector temperature of 300˚C. The column used was an SGE Ltd. BPX5 capillary column (50.0 m × 0.22 mm ID × 1μm film thickness). 
Gas chromatography
GC-MS analyses were performed using a GC-MSD system (Agilent Technologies
6890
Characterisation of the oil by gas chromatography
Preparative HPLC
Fractionation of the oils was performed on a Gilson preparative HPLC system employing a
Gilson 322 binary pump system, a Gilson 156 UV-Vis dual wavelength detector set at 210 nm and 280 nm, and Gilson fraction collector (FC204). A C18 column (Phenomenex Luna C18, 5 m, 50 mm × 21.2 mm) was used for RP separations and solvent A MQ water (100%) and solvent B, CH 3 CN (100%) both containing 0.05 % TFA were used as the mobile phase.
NP separations were achieved using a silica column (Phenomenex Luna 5 μm Silica (2), 50 mm × 21.20 mm) utilizing a hexane/EtOAc gradient operating at ambient temperatures. The sample loading was between 50-100 mg/injection (RP) or 300-500 mg/injection (NP). The preparative HPLC was interfaced with Gilson Unipoint v.3.0 software. Unless specified the fractions were dried using a rotation vacuum centrifuge (RVC) (Martin Christ, Germany) and combined as appropriate after verification by LC-MS or GC-MS.
RP fractionation of E. mitchellii wood oil
Pure compounds 3, 4, 1 and 5 (in order of elution) were obtained directly from the crude oil using RP preparative HPLC. The eluent was a gradient of H 2 O-ACN (3:2 to 3:7) with 0.05%TFA over 15 min, followed by an isocratic gradient of H 2 O-ACN (3:7) with 0.05 % TFA for 5 min, then a gradient of H 2 O-ACN (3:7 to 1:9) with 0.05% TFA over 5 min, at a flow rate of 15 mL/min. Compounds were selectively cut at the appropriate intervals and recovered from the eluent by rotary evaporation.
NP fractionation of E. mitchellii wood oil
Semi-purified compounds; 5, 9, 1, 4, 6 and 3 (in order of elution) were obtained in yields of approximately 14, 1, 19, 20, 1 and 4 % (w/w) of the oil respectively, using NP preparative HPLC. The eluent gradient was EtOAc-hexane (1:20 to 2:3) over 20 min, at a flow rate of 20 mL/min. Compound 4 readily crystallised as colourless needles and could be purified by recrystallisation from MeOH. Further purification of the remaining compounds (with the exception of 9) was achieved using RP preparative HPLC under the conditions described above. Compound 9 co-eluted with 1 under NP conditions and was purified by RP preparative HPLC utilizing two preparative columns connected in tandem and an isocratic gradient of MeOH-H 2 O (7:3) over 55 min at a flow rate of 15 mL/min.
Large scale fractionation of the wood oil
A rapid silica column chromatographic method was developed for large scale fractionation of the wood oil. The column (0.063-0.200 mm silica, Merck, Kilsyth VIC, Australia; 3.5 cm diam., 270 mL bed volume (BV), dry packed, ca. 6.5 mL sample loading) was eluted with hexane (100 %, 1 × 250 mL) followed by EtOAc-hexane (1:20, 4 × 125 mL), (1:10, 4 × 125 mL), (3:20, 4 × 125 mL) and EtOAc (100 %, 1 × 250 mL) to obtain semi-purified compounds 5, 1, 4, 6 and 3 (in order of elution).
3.9
Compounds from E. mitchellii wood oil 1(10),11-Eremophiladien-9-one (eremophilone) (1): colourless oil (90.9 mg, 15.2 %); 
Isolation of sesquithuriferone
The root oil (6.1 grams) was first fractionated by column chromatography (0.063-0.200 mm silica, Merck, Kilsyth VIC, Australia; 3.5 cm diam., 300 mL BV). The column was equilibrated with pentane (100 %, 3 BV) prior to sample loading then eluted with pentane (100%, 600 mL) to separate the unwanted hydrocarbons. The column was then eluted with pentane-diethyl ether (9:1, 2 × 400 mL) and diethyl ether (100 %, 2 × 400 mL) to generate 4 fractions. The sesquithuriferone-enriched fraction 1 (300 mg) was evaporated, then dissolved in CH 3 CN (ca. 2.0 mL) and subjected to RP preparative HPLC using the same method described for the wood oil. To recover eremophilone and sesquithuriferone from the aqueous fractions (ca. 30 mL), each was diluted with MQ water (150 mL) until a cloudy ppt. formed.
The solutions were then passed through C18 SPE cartridges (Supelco, 6 mL, 1 g bed wt.
Supelclean LC-18 SPE, Sigma-Aldrich, Castle Hill NSW, Australia), eluted with CH 3 CN (ca. 
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